Effects of B and Cr additions on magnetostriction and the mechanical properties of polycrystalline Fe 83 Ga 17 alloy were investigated. Small addition of B increased magnetostriction of Fe 83 Ga 17 alloy slightly, and improved the room temperature ductility and tensile strength significantly. The elongation and tensile strength of the (Fe 83 Ga 17 ) 99 B 1 alloy increased to 3.56% and 548 MPa compared with that of Fe 83 Ga 17 alloy respectively. The Cr addition was shown to improve the room temperature mechanical properties of Fe 83 Ga 17 alloy beneficially. The maximum magnetostriction of (Fe 83 Ga 17 ) 98 Cr 2 alloy was 70 Â 10 À6 . The influences of B and Cr additions on the fracture mode of Fe 83 Ga 17 alloy were also studied in this paper.
Introduction
In recent years, there has been an ever-increasing interest in the Fe-Ga (Galfenol) alloy as a new magnetostrictive material for actuator, sensor, and energy harvesting applications, because of both their magnetostriction and mechanical properties. The saturation magnetostriction can be as high as 400 ppm in single crystals 1) and 298 ppm in textured polycrystals with low saturating fields.
2) Recently, Zhou et al. 3, 4) have reported that bulk textured Fe 81 Ga 19 rod with large magnetostriction of up to 830 ppm was fabricated using the technique of high undercooling rapid directional solidification, but the magnetostriction saturated at higher magnetic field than 12000 Oe. The relatively low magnetostriction values for Fe-Ga alloys compared to giant magnetostrictive materials such as Tb-Dy-Fe alloy would beg the question ''Why use Fe-Ga alloy?'' The answer to this question comes when we begin to examine and understand Fe-Ga alloy's mechanical properties. Kellogg et al. 5) investigated the static mechanical property values for Fe 83 Ga 17 alloy. They found that the [100] oriented single crystal had a tensile strength of 515 MPa and an elongation value >2%. The textured polycrystalline Fe 81:6 Ga 18:4 alloy exhibited tensile strengths up to 370 MPa with elongations of 0.8% before failure. 6) However, the studies of Na 7) and Cheng 8) et al. indicated that the Fe-Ga binary alloy cracked and fractured along grain boundaries during hot rolling and was too brittle to make thin sheets which can avoid eddy current losses for device operation.
Clark et al. 9) have discovered that additions of 2 at% or greater transition elements with fewer (V, Cr, Mo, Mn) and more (Co, Ni, Rh) valence electrons than Fe, all reduce the saturation magnetostriction of single crystals samples. Huang et al. 10) pointed out that small atom (C, B, N) additions enter interstitially and inhibit ordering, thus maximizing the magnetostriction of Fe-Ga alloys when Ga >18 at% without quenching. Addition of 1 at% 11) or greater 12) B in polycrystalline Fe-Ga alloys having a beneficial effect on magnetostriction has also been studied previously, and Na et al. 7) have found that small addition of B can improve the rollability of the Fe-Ga alloy.
As above mentioned, there are challenges in shaping FeGa material to produce engineering components, such as sheets which were not successfully fabricated through traditional rolling processes duo to the brittleness of binary alloy. The motivation for this study is improving the mechanical property to answer the challenges in shaping this material for engineering components. Based on the results of previous studies, the research related how does the ternary elements change the mechanical properties of the Fe-Ga alloys is necessary. In this work, we investigated the effects of B and Cr additions on magnetostriction and mechanical properties of polycrystalline Fe 83 Ga 17 alloy.
Experimental
Polycrystalline rod samples of Fe 83 Ga 17 , (Fe 83 Ga 17 ) 99 B 1 and (Fe 83 Ga 17 ) 98 Cr 2 alloys, with dimension of È11 mm Â 120 mm, were prepared from Fe (99.87% purity), Ga (99.99% purity), Cr(99.91% purity) and master alloy of Fe-B by induction melting under argon atmosphere. A heat treatment was taken at 1100 C for 1 h, and then the specimens were furnace-cooled to 780 C for 3 h in an argon atmosphere and quenched into water. The magnetostriction values were measured with a increase of applied magnetic field from 0 to 1000 Oe by means of a standard resistance strain gauge technique, and the gages were pasted longitudinal the direction to the rod. Then the rod samples were cut into standard tensile specimen. Static tensile tests were carried out using MTS 810 Materials Testing System in constant velocity of 1 Â 10 À4 s À1 at room temperature. Phase of the samples was examined by Cu-K radiation X-ray diffractometry (XRD). The fracture surface of the tensile sample was observed by Cambridge-S250 scanning electron microscope (SEM) and the microstructure was observed by optical microscope and electron probe microanalyzer (EPMA).
Results

Effects of B and Cr additions on magnetostriction
and the mechanical properties Figure 1 shows the magnetostriction curves of polycrystal- Fig. 1 , we can found that the values of the magnetostriction were decreased with increasing the applied magnetic field. This phenomenon was appeared in single crystal and polycrystalline Fe. 13) The effects of B and Cr additions on the room temperature mechanical properties of polycrystalline Fe 83 Ga 17 alloy are shown in the Fig. 2 . Small amount of B can evidently increase the tensile strength and improve the ductility, and Cr also has beneficial effect on the ductility of Fe 83 Ga 17 alloy. For the Fe 83 Ga 17 binary alloy, there was only elastic deformation, and an ultimate tensile strength of 351 MPa was observed with fracture occurring in the tensile testing. The (Fe 83 Ga 17 ) 99 B 1 specimen yielding began at 446 MPa, and the maximum tensile strength of 548 MPa was observed with fracture occurring shortly after 3.56% elongation. The (Fe 83 Ga 17 ) 98 Cr 2 sample has yield strength, ultimate strength, and elongation of: 418 MPa, 490 MPa and 0.6% respectively, and strain hardening could be observed also.
Effects of B and Cr additions on the microstructure
and fracture morphology The X-ray diffraction patterns were measured in order to make sure the existing phases in Fe 83 Ga 17 alloy with small amount additions of B and Cr. From the XRD patterns as shown in the Fig. 3 , it can be found that besides three peaks of bcc-Fe (Ga) (A2) as main phase, a peak of Fe 2 B phase emerges on the XRD pattern of the (Fe 83 Ga 17 ) 99 B 1 alloy, which consistent with the result of Ref. 11). The (Fe 83 Ga 17 ) 98 Cr 2 alloy maintained the bcc-Fe(Ga) phase, which indicated that the Cr was dissolved in the matrix. Figure 4 (a)-(c) are the metallographs of the Fe 83 Ga 17 alloys with different element addition. As shown in Fig. 4(a) and (c), there is nearly no obvious difference between the Fe 83 Ga 17 and (Fe 83 Ga 17 ) 98 Cr 2 alloys, both of them indicate very large grains in range between 200 and 500 mm. When the Fe 83 Ga 17 alloy was added with 1 at% B, the grains were fined, ranging between 30 and 200 mm. The change of grain boundary morphology was also observed, as shown in the Fig. 4(b) .
BSE (backscattered electron) images shown in Fig. 5 were obtained by EPMA, in order to determine the distribution of B and Cr respectively in Fe 83 Ga 17 alloy. The element quantitative analysis results of electron probe analysis demonstrated that in the Fig. 5 (a) of (Fe 83 Ga 17 ) 99 B 1 sample, the matrix was the bcc-Fe(Ga) phase, corresponding to the light gray color, and the dark gray color was the precipitated phase containing element of B, which indicated that the element of B was segregated at grain boundaries, as shown in Table 1 . For the (Fe 83 Ga 17 ) 98 Cr 2 sample, as shown in the Fig. 5(b) , the light and dark grays both were the bcc-Fe(Ga) Fig. 1 phase, in which Cr was uniformly distributed. The line analysis result of distribution of elements along the direction as shown by arrow in the Fig. 5 (b) also indicated that Cr was uniformly distributed in the (Fe 83 Ga 17 ) 98 Cr 2 alloy, as shown in the Fig. 6 . The black spots were etch pit not precipitated phase related Cr. The fracture surfaces of tensile specimens were subjected to fractography analyses immediately by SEM. Figures 7(a) -(f) show fractographs of Fe 83 Ga 17 alloy with different element addition. From the Fig. 7(a) and (b) , it can be found that the specimen of Fe 83 Ga 17 exhibited granular fracture, which was a typical brittle fracture and the fracture mechanism belonged to intergranular cleavage. As shown in Fig. 7 ogy of (Fe 83 Ga 17 ) 98 Cr 2 specimen appeared as cleavage steps of varying patterns (river-like, linear and simple '''' shapes) and the fracture mechanism belonged to cleavage fracture, as shown in Fig. 7 (e) and (f).
Discussion
Effect of B addition on magnetostriction and the mechanical properties
In specimen of (Fe 83 Ga 17 ) 99 B 1 , the higher saturation magnetic field could attributed to the change of microstructure, which were refined grains and the boride second phase distributed at grain boundaries. Gong et al. 11) have pointed out that the addition of B increased the concentration of Ga in matrix A2 phase due to Fe 2 B phase precipitated at grain boundaries. Clark and Huang et al. 9, 10) assumed that small atoms as B entered interstitially into the octahedral site as in pure -Fe and inhibit chemical ordering, resulting in increased 100 for Fe-Ga single crystal. These two aspects may play a crucial rule for larger magnetostriction in the (Fe 83 Ga 17 ) 99 B 1 alloy.
The element of B which has small atomic size and the tendency of interface segregation is widely attempted to improve the ductility of intermetallic compound. 14, 15) A small addition of B was proved to be advantageous to improve the ductility of the weak grain boundary Fe-Al 14) and Ni 3 Al alloys.
16) The interfacial segregation of B decreased the grain boundary energy, increased the grain boundary cohesion and the mobility of dislocation, promoted extension of slippage through grain boundaries, and eliminated local boundary stress. Therefore, the ductility was improved.
The brittle fracture along grain boundary is prone to occur in binary Fe-Ga alloy, because of the weak grain boundary of this kind alloy. The Fe 83 Ga 17 alloy was added with 1 at% B, increasing the cohesion and strength of grain boundary, so the intergranular fracture was inhibited. In addition, grains were fined, as shown in the Fig. 4(b) , leading to the increase of the area of grain boundaries, which causes the rising of resistance to crack propagation. The cracks stopped their propagating or change their direction duo to the orientation difference between the grains, rather than formed a new one. Furthermore, B also changed the grain boundary structure of the Fe 83 Ga 17 alloy, resulting in a decrease of the stress concentration at grain boundaries, which allowed the activation and transmission of slippage to occur under low stress accumulation level. Therefore, B improved the ductility and strength of the Fe 83 Ga 17 alloy.
Effect of Cr addition on magnetostriction and the mechanical properties
The effect of Cr addition on magnetostriction of single crystal and polycrystalline Fe-Ga alloys may be different. Clark et al. 9) have reported that a decrease of magnetostriction of the Fe-Ga single crystal with 2 at% or great addition of Cr was duo to that DO 3 structure, which was stabilized by 3d transition elements with electron/atom ratios both less than iron and greater than iron, decreased the magnetostriction. Nevertheless, in polycrystalline form, if A2 phase is maintained, the magnetostriction of Fe-Ga alloys could depend on the grain boundary structure, texture, grainto-grain interactions, and so on. The specific reason for beneficial effect of Cr addition on magnetostriction of polycrystalline Fe-Ga alloy needs to be clarified through further detailed investigation.
The fracture mode of Fe 83 Ga 17 alloy changed to transgranular cleavage fracture after added with small amount of Cr, as shown in the Fig. 7 (e) and (f). Liu et al. 17) have pointed out that the beneficial effect of Cr on ductility of the Fe 3 Al alloy was attributed to the easy cross-slip behavior of dislocations and solution softening resulted by improvement of cleavage strength. The model 16) was schematic drawn in the Fig. 8(a) Huang et al. 18, 19) reported that the alloying element Cr decreased the energy of antiphase boundaries and improved the mobility of dislocations, as a result, the ductility of the Fe 3 Al alloy was increased. Li et al. 20) found that addition of Cr not only improved the cleavage strength, but also grain boundary strength of the FeAl alloy, as shown in the Fig. 8(b) .
Considering the structure of the Fe-Ga alloy is similar to that of Fe-Al alloy, this interpretation model of effect of Cr on fracture mode in Fe-Al alloys could be extended to Fe-Ga alloys. So we attempted to put forward the model of effect of Cr on fracture mode in Fe-Ga alloy, as schematic drawn in the Fig. 8(c) . Figure 8(c) shows that Cr dissolved as Cr atoms in the matrix played a role of solution strengthening, meanwhile improved the strength of cleavage and grain boundary. But the relative strength of cleavage and grain boundary changed, and the strength of cleavage was higher than that of grain boundary. So the Fe 83 Ga 17 alloy with 2 at% Cr addition occurred cleavage fracture easily and the tensile strength was improved.
Conclusion
(1) The small addition of B slightly increased the mag- 
